Microinjection of plasmids encoding human tau (htau) protein into identified lamprey reticulospinal neurons (anterior bulbar cells, or ABCs) in situ induces chronic htau expression. htau protein is transported to both the axon and dendrites of expressing ABCs by mechanisms that require the C-terminal domain of htau protein but do not require directed htau mRNA transport. htau becomes phosphorylated at the PHF-1 (Ser-396͞404) and TAU-1͞AT8 (Ser-199͞202) epitopes throughout ABCs with heavy htau accumulations; many such cells also exhibit degenerative changes, which include the development of extracellular htau deposits. Finally, expression of htau protein fused to green f luorescent protein induced the somatodendritic accumulation of filaments containing htau when examined by immunoelectron microscopy. These results suggest that chronic expression of htau in lamprey ABCs may be useful for studying cellular mechanisms underlying tau hyperphosphorylation and filament formation in vertebrate central neurons in situ.
The microtubule-associated protein tau is thought to be important for the development and maintenance of axonal identity and function in vertebrate neurons (1) (2) (3) . In addition, human tau (htau) appears to play a role in the cytopathology of Alzheimer disease (AD), where it becomes hyperphosphorylated and accumulates abnormally in the somata and dendrites of affected cells (4) (5) (6) and forms pathological filamentous inclusions (paired helical filaments, or PHFs), which aggregate to form neurofibrillary tangles (NFTs). These events suggest that neurons with NFTs in AD may have lost their ability to degrade htau and control its phosphorylation state. Because the occurrence and distribution of NFTs and PHFtau-positive neurites in AD brain are closely correlated with the development of dementia (6) (7) (8) (9) , the roles played by htau phosphorylation in the development of neurofibrillary pathology in mature neurons in situ are of particular interest.
In this study, we have used the unique accessibility of giant, identified neurons (anterior bulbar cells or ABCs) in the central nervous system of a lower vertebrate, the sea lamprey, to analyze the effects of expressing htau in mature vertebrate central neurons in situ. ABCs have been morphologically characterized and studied in detail on a single-cell level (10) (11) (12) (13) , and they can be microinjected in situ with drugs for chronic experiments (14, 15) . We have microinjected ABCs with vectors expressing two full-length htau isoforms and deletion mutants expressing the N-or C-terminal halves of htau in intact lampreys (see Fig. 1 ). We show that exogenous htau is overexpressed in some of the injected cells. Heavy htau accumulation is accompanied by the somatodendritic accumulation of htau-immunopositive, 10-to 15-nm filaments and may be followed by the formation of condensed intracellular accumulations of phosphorylated htau, the development of extracellular htau deposits, and cellular degeneration. Such changes are not seen with the overexpression of tau deletion mutants. These results thus suggest that the overexpression of full-length htau isoforms in ABCs may provide an excellent in situ model of cellular mechanisms underlying the development of the cytoskeletal pathology seen in AD and related neurodegenerative conditions.
EXPERIMENTAL PROCEDURES
Microinjection. Plasmid was spun down in EtOH (30 min, 13,000 rpm, 4ЊC), resuspended in microtubule stabilizing buffer (14) , and injected at a final concentration of Ϸ1 mg͞ml (with 0.5% Fast Green and 25 mg͞ml Lucifer Yellowdextran). Pressure injection was accomplished with a Picospritzer II unit (General Valve, Fairfield, NJ) as described (14) . Lampreys were then permitted to recover at 4ЊC in lamprey saline (16) for 12-24 hr before being returned to well water at 15ЊC.
Immunocytochemistry. Lamprey brains were fixed, sectioned, and immunostained as described (13, 14) . Immunocytochemistry was performed on 10-m transverse sections of paraffin-embedded lamprey heads that had been fixed by immersion in FAA (10% formalin, 10% glacial acetic acid, and 80% ethanol). This fixative does not permit the cross-reaction of PHF-1 with lamprey tau that is seen in axotomized ABCs fixed in Carnoy's fixative (unpublished observations). TAU-1 has never been seen to cross react with lamprey brain under any fixation conditions. Alkaline phosphatase (AP) treatment consisted of the application of 100 units of calf intestinal AP (Sigma) to slides for 3 hr at 37ЊC before staining.
Plasmid Constructs. Tau cDNA inserts were synthesized using PCR with Vent polymerase (New England Biolabs) and subcloned into the parent vectors [pRC͞CMV (Invitrogen), pGFP-C2 (CLONTECH), or pECE (17)] using standard methods. The pRC͞CMV123c construct expresses the 352 residue isoform of fetal and adult htau (18) , which is missing two N-terminal exons (58 residues) and a microtubule (MT) binding repeat (31 residues; see ref. 1) present in the longest htau isoform (see Fig. 1 ). The pECE vector was used to express the longest htau isoform under the control of the early simian virus 40 promoter. htau N-terminal fragment was expressed by pRC͞CMVn591, which encodes the N-terminal residues 1-255 of the longest htau isoform minus the two N-terminal exons. The protein expressed by pRC͞CMVflag123c458 contains the C-terminal half of htau (residues 211-441 of the longest isoform, minus one MT-binding repeat), plus an epitope tag fused at the N terminus (19) . Finally, pGFP-C2 was used to express a three-repeat htau construct (pC2-GFPn123c), which has the green fluorescent protein (GFP) coding sequence fused to the htau N terminus. Plasmid DNA was prepared using the Qiagen protocol (Qiagen, Chatsworth, CA).
In Situ Hybridization. Fixation, tissue processing, and sectioning was done as described above for immunocytochemistry. Slides were pretreated for nonisotopic in situ hybridization as described by Swain et al. (20) . Digoxigenin-labeled RNA probes were transcribed from CsCl-purified cDNA templates that had been digested with ClaI using SP6 polymerase in the presence of digoxigenin-labeled NTP. Sense probes were produced by digesting the plasmid with ApaI and then transcribed with T7 polymerase.
Electron Microscopy. ABCs expressing GFP-tagged htau were targeted in living lamprey brains that had recently been isolated (10) and were maintained in cold lamprey Ringer's solution (16) after being transected immediately rostral to the ABCs. These brains were examined on a Nikon Diaphot inverted microscope under conventional fluorescein epifluorescence. Fluorescent ABCs were photographed and then fixed in 4% paraformaldehyde͞0.1% glutaraldehyde in cacodylate buffer (0.1 M, pH 7.3) for 2 hr before embedding in LR White (Electron Microscopy Sciences, Fort Washington, PA) per the manufacturer's instructions. Transverse sections through ABCs (thick, 1 m; and thin, 80 nm) transverse sections through ABCs were then taken and immunostained with an anti-GFP antiserum (1:50; CLONTECH) and an anti-rabbit secondary antibody decorated with 10 nm colloidal gold particles (Sigma). In some cases, GFP-expressing ABCs were fixed in 3.5% glutaraldehyde and processed for conventional electron microscopy with OsO 4 and lead citrate.
Data Analysis. Sections through ABCs expressing htau that had been stained with TAU-1 following AP pretreatment were scored blindly by two investigators as ''lightly'' or ''heavily'' stained according to the following criteria: lightly expressing cells had distinct labeling throughout cytoplasm, translucent appearance, and a clearly visible nucleus; and heavily expressing cells had opaque staining through most or all of soma, partly or completely obscuring the nucleus. Axonal staining was scored (as positive or negative) in sections taken 1-2 mm from the soma of the parent cell. Similarly, axonal staining of anti htau probe was scored in sections taken within 200 m of the cell in question. The 2 test was used to determine the significance of differences between samples from different treatments or timepoints.
RESULTS htau Expression in ABCs.
A total of 1680 ABCs in 336 ammocoete sea lampreys (Petromyzon marinus) 11-15 cm long were microinjected in situ with plasmids expressing various htau constructs under the control of either the cytomegalovirus (CMV) or early simian virus 40 promoter (Fig. 1 ). Of these, 924 ABCs survived injection and were fixed and examined between 2 and 76 days postinjection (p.i.), with 119 cells (12.9%) expressing enough htau to permit further study. In situ hybridization and immunocytochemistry were performed on adjacent transverse sections through expressing ABCs. The monoclonal antibodies PHF-1 and TAU-1 were used to analyze htau expression in these experiments, because (i) phosphorylation of these epitopes is important in regulating tau binding to MTs; (21, 22) , and (ii) immunostaining with both antibodies under the fixation conditions used was entirely specific to htau. PHF-1 recognizes htau phosphorylated at Ser-396͞404, whereas TAU-1 recognizes htau dephosphorylated at Ser-199͞202. TAU-1 staining of sections treated with AP was used to reveal total htau independent of phosphorylation state. In some experiments, the distribution of total htau was revealed by the use of a GFP epitope tag (Fig. 1 ). There was a significant increase in the percentage of injected cells expressing three-repeat full-length htau over the first month p.i.; this was accompanied by a significant reduction in the survival of ABCs over time (Table 1) Three of the five plasmids used in this study-those containing the shortest full-length tau isoform that is present in both fetal and adult brain (pRC͞CMVn123c, top), the N-terminal construct (pRC͞CMVn591, third from top), and the C-terminal construct (pRC͞ CMVflag123c458, fourth from top)-were constructed in pRC͞CMV, which uses the CMV promoter and enhancer sequences for expression. The fourth plasmid (pC2-GFPn123c, second from the top) encodes the GFP-tagged three-repeat tau construct and was constructed from the pGFP-C2 parent plasmid. The fifth plasmid (pEN1234c, bottom) is driven by the simian virus 40 promoter. The TAU-1 and PHF-1 epitopes are indicated by bars. All numbers shown above refer to the 441 residue isoform. Expression and cell survival rates are compared between ABCs expressing full-length (three-MT binding repeat, no GFP tag) and N-terminal constructs of htau. Only sections stained with TAU-1 after AP treatment were scored for expression. ABCs expressing htau or surviving injection (numerators) are given as a fraction of the total number of surviving ABCs at the time of fixation or the total number of injected cells, respectively (denominators). Figures in parentheses give these data as percentages. The increase in the percentage of ABCs expressing full-length tau between each timepoint was significant (P Ͻ 0.005, 2 test), whereas no significant change was seen with time in the proportion of ABCs expressing N-terminal fragments. The decrease in survival rate between the first and last timepoints was also significant for full-length but not N-terminal constructs (P Ͻ 0.05, 2 test).
Center). This pattern closely resembles that of htau mRNA. In contrast, the expression of the C-terminal htau fragment resulted in the preferential accumulation of immunolabel in the distal dendrites of all six ABCs examined ( Fig. 2 Right) , a pattern similar to that of full-length htau protein (described below).
Full-Length htau Protein Is Found Throughout the Cell and Is Most Heavily Phosphorylated in ABC Dendrites. Immunostaining for full-length htau proteins extended to the dendritic tips and up to 1 cm or more along the axon in all htauexpressing cells examined. Total htau was detectable with the GFP epitope tag by fluorescence in freshly dissected living brain (Fig. 3A) or by pretreating sections with AP and then staining with TAU-1. PHF-1 and TAU-1 were used to examine the spatial distribution of htau phosphorylation. In lightly expressing ABCs (see Experimental Procedures), PHF-1 staining was restricted to the dendrites and, to a lesser extent, the soma (Fig. 3) . TAU-1 staining, by contrast, was largely restricted to the soma, rapidly decreasing with distance distally in the dendrites (Fig. 3B) . Tau-1 stain was variable in the axon (data not shown). htau thus was least phosphorylated in the soma and axon (where either PHF-1 or TAU-1 sites were often unphosphorylated) and most phosphorylated in the distal dendrites, where it was always heavily phosphorylated at both sites. This pattern was evident in all ABCs (of a total of 34 examined) expressing full-length htau constructs up to and including 8 days p.i. and in lightly staining ABCs examined at all times. However, in heavily expressing ABCs that had been injected with full-length htau constructs (without the GFP tag) at 9 days or more p.i., both PHF-1 and TAU-1 staining could be seen throughout the axons, somata, and dendrites of almost all (15͞16) cells examined (Fig. 3C) . The intensity of staining for TAU-1 was less than that of PHF-1 and was increased by AP pretreatment, suggesting that the TAU-1 site was not always phosphorylated. The change from the pattern seen earlier and in lightly staining cells (i.e., axons PHF-1-negative) was highly significant (P Ͻ Ͻ 0.005, 2 test). Dense htau accumulations were phosphorylated at both PHF-1 and TAU-1 sites (Fig. 3D) . Apparent degenerative changes present in most (10͞16) heavily staining cells included nuclear staining and extracellular tau deposits near the somata and dendrites of expressing ABCs (Fig. 3D, asterisk) , suggesting the loss of nuclear and plasma membrane integrity. This was in contrast to ABCs expressing N-and C-terminal htau fragments, where expression was never associated with the formation of dense htau deposits or degenerative changes. However, none of the 31 ABCs expressing GFP-htau (examined between 8 and 66 days p.i.) showed signs of degeneration, suggesting that filament formation per se is not necessarily correlated with cytodegenerative changes (see below).
htau Expression Induces Somatodendritic Accumulation of 10-to 15-nm Filaments Containing tau. Eight ABCs expressing GFP-tagged htau constructs were targeted for examination in the electron microscope between 18 and 33 days p.i. Each of these exhibited a marked increase in the occurrence of 10-to 15-nm filaments throughout their somata and dendrites over that seen in the somata and dendrites of normal ABCs (12) . These changes were not seen in nonexpressing cells in the same sections (Fig. 4A) . Many of these filaments stained specifically with an anti-GFP polyclonal antibody in each of the three cells examined with this technique, indicating that htau has been incorporated into filaments (Fig. 4B) . Because of the superficial resemblance of these filaments to neurofilaments (NFs), we immunostained sections through GFP-htau-expressing ABCs with antibodies that specifically recognize lamprey NF protein (20) . When the somata and dendrites of 21 ABCs expressing GFP tagged htau were immunostained with NF specific mAbs in paraffin sections, 6 of 11 heavily expressing ABCs also showed a slight increase in somatic NF staining in adjacent sections at 18-22 days p.i. Immunostaining for phosphorylated as well as phosphorylation independent epitopes was seen in half of these cells (Fig. 4 D-F) . However, NF staining was not observed in the dendrites of any ABC expressing htau (Fig. 4 E and F) .
DISCUSSION Chronic Expression of htau After Plasmid Microinjection into Mature Neurons in Situ.
We show here that intracellular injection of eukaryotic expression plasmids can induce exogenous gene expression in identified neurons in a differentiated vertebrate central nervous system. Because the expressing neurons can be injected and maintained in situ, the lamprey ABC system offers the opportunity to study the effects of exogenous proteins in identified mature neurons in a normal environment. It thus provides technical advantages complementary to those offered by murine transgenics and cell culture systems for studying cytological mechanisms underlying both normal and pathological events in central neurons. A particular advantage of this approach is its power as a technique for studying complex neuronal phenomena in situ, as it permits the analysis of the effects of the expression (and coexpression) of different types of constructs (deletion and substitution mutants, antisense sequences, etc.) in the neuron of choice in combination with other experimental manipulations.
Our results suggest that the increase in protein levels and in the proportion of injected cells expressing exogenous protein over time is the result of protein accumulation. This is inferred from the findings that the levels of full-length htau were consistently higher than those of the N-terminal fragments and that only cells microinjected with the full-length construct showed an increasing percentage of expressing cells over time ( Table 1 ). The higher levels of full-length htau can result either from relatively higher levels of expression of the full-length protein and͞or a greater relative rate of degradation of htau fragments. The latter appears to be more likely, especially because both cDNAs were cloned into the same plasmid and the 5Ј sequences of the N-terminal and full-length constructs are identical. Similar results have been described in transfected cell cultures, where it has been shown that the level of protein expression of full-length constructs is consistently higher than that of truncated constructs (24, 25) . It is unclear if the failure of GFP-tagged htau to induce neurodegeneration is due to lower levels of expression than those of untagged htau. Because GFP was fused to the N terminus of htau, the 5Ј end of the coding sequence is different from the untagged N-terminal fragment and full-length htau constructs, preventing direct comparisons of expression efficiency. However, taken together, our results suggest that full-length htau, but not htau fragments, may accumulate to toxic levels in ABCs that express it heavily.
Distribution and Phosphorylation of htau in Lamprey ABCs Compared with That of tau Protein in Mammalian
Systems. Full-length htau was found in all compartments of ABCs at all times p.i. This distribution is unlike the predominantly axonal localization of tau in most mammalian species in situ (2, 3, 26, 27) . However, some somatodendritic tau has been reported in both rat and monkey adult central nervous system in situ (28) , and it occurs with htau expression in mice in situ (29) and with the transfection (25) and microinjection (30) of htau in neuronal primary cultures. The somatodendritic tau described here and in all of the situations listed above is phosphorylated at the PHF-1 and͞or TAU-1 sites. Somatodendritic accumulation of phosphorylated tau is accentuated by a variety of cellular stresses such as heat shock (5), glutamate͞Ca 2ϩ exposure (31), ␤-amyloid treatment (32), and traumatic or ischemic injury (33, 34) , and it occurs in the neuropathology of AD (4, 5, 35, 36) , suggesting that overexpression of htau in ABCs might serve as an in situ model of cellular mechanisms underlying htau phosphorylation and localization.
The similarity of the distribution pattern of N-terminal htau protein fragments to that of htau mRNA suggests that the somatofugal transport of htau is (i) not mediated at the mRNA level and (ii) controlled by elements on the C-terminal domain of htau protein. The selective distribution of tau mRNA to the initial segment of the axon has been proposed to contribute to the predominantly axonal distribution of tau in situ (37) . The failure of htau mRNA to show a polarized distribution in ABCs is consistent with such a role for endogenous tau mRNA, especially as the axonal targeting is thought to be mediated by an untranslated sequence that was not present in the constructs used in this study (38) . By contrast, the appearance of the htau C-terminal fragment in dendritic tips indicates that this part of htau is sufficient for somatofugal transport and suggests a possible mechanism for somatofugal htau distribution in ABCs; i.e., that the MT-binding domain of htau can bind to both axonal and dendritic MTs, which can then in turn mediate htau transport. Our finding is consistent with results obtained by Hirokawa et al. (30) , who showed a similar initial ubiquitous distribution of microinjected porcine tau in cultured mouse spinal neurons. However, detailed kinetic experiments involving the transport, MT binding, and turnover of htau will be needed to clarify the contributions of these mechanisms to tau sorting in ABCs.
htau Filament Formation with htau-GFP Expression in ABCs. Although htau protein can assemble into various types of filaments under in vitro (39, 40) conditions, this is the first time to our knowledge that htau incorporation into such filaments has been demonstrated experimentally in vivo. The 10-to 15-nm filaments containing htau that we observed in ABCs were clearly different from PHFs, although they resembled in some respects the ''straight'' tau filaments seen in AD brain (41) and some of the tau filaments generated in vitro (40) . Many of the filaments described here in ABCs resembled NFs ultrastructurally, making it unclear whether all of them were composed solely of htau. However, the observations that (i) htau immunostaining was much more intense than NF staining, even in heavily expressing ABCs, and (ii) NF staining was excluded from dendrites that contained heavy htau staining (Fig. 4) , whereas htau filaments were found throughout the dendrites, indicate that most htau-positive filaments in ABCs were not NFs.
The Cytopathological Consequences of Hyperphosphorylated htau Accumulation. Phosphorylation of tau at multiple sites (hyperposphorylation) reduces its affinity for MTs (22, (42) (43) (44) and is correlated with the formation of NFTs and neuronal death in AD (6, 45) . Although this loss in MT stabilization resulting from tau hyperphosphorylation may indirectly injure neurons in AD, the accumulations of phos- phorylated tau may also have direct deleterious effects on neurons, because NFTs often occupy most of the space within the somata and dendrites of neurons affected by AD and may themselves induce oxidative stress (46, 47) . Our results are consistent with such a direct role for htau accumulations in neurodegeneration, because they show a correlation between heavy deposition of hyperphosphorylated htau, severe cytopathological changes, and a reduction in the survival rate of plasmid-injected ABCs over time (Table 1 ). In addition, the fact that the expression of all three constructs used the same parent vector and the fact that the 5Ј ends of the coding sequences of the full-length and N-terminal fragments were identical suggests that the observed cytodegeneration is not a nonspecific effect of virally driven protein expression but is rather a toxic effect of the htau accumulations themselves.
The possibility that tau accumulation might itself cause neurofibrillary pathology and degeneration has not been tested directly by overexpressing htau in situ until recently, when overexpression of htau was achieved in transgenic mice (29) . However, this did not result in dense fibrillar tau deposits in the expressing cells, although it did result in the accumulation of somatodendritic, PHF-1 positive tau. The differences between these results and ours may be due to higher rates of htau degradation or, conversely, lower rates of exogenous tau expression in mouse central neurons than in lamprey ABCs. In particular, the injection of plasmids in high concentrations into ABCs might be expected to drive htau synthesis more strongly than that in a transgenic mouse. We conclude that the ability to induce tau accumulation, hyperphosphorylation, and filament formation by htau overexpression should make lamprey ABCs a useful model system for studying the cellular mechanisms governing these events in human neuropathological conditions.
